ABSTRACT In this paper, we investigate a novel two-echelon ground vehicle and its mounted unmanned aerial vehicle cooperative routing problem (2E-GUCRP) for intelligence, surveillance, and reconnaissance (ISR) missions. In a typical cooperative system with ground vehicle (GV) and unmanned aerial vehicle (UAV), the UAV is launched from the GV, automatically flies to the designated target and return to the GV before powering off. Meanwhile, acting as a mobile platform, the GV can carry the UAV moving in a larger region and charge or exchange the UAV's battery. The objective is to design efficient GV and UAV routes to minimize the total mission time while meeting the operational constraints. A mixed integer programming (MIP) model, which could be solved by commercial software (e.g. CPLEX), is developed to formulate the problem. In order to quickly solve the medium-scale or above problems, two heuristics are designed. The random instances and practical case based on the road network in Changsha, China, are used for experiments. The computational results indicate that, compared to the mode of two-echelon vehicle routing problem (2E-VRP), the cooperative GV and UAV can complete the ISR missions in a much shorter time through utilizing the proposed 2E-GUCRP mode. Furthermore, discussion of the practical instance points out that the increase in efficiency is related to the speed relationship between the GV and the UAV.
I. INTRODUCTION
With the miniaturization of high-accuracy sensors, unmanned aerial vehicles (UAVs), also named as drones, have played an increasing role in both military and civilian applications, such as border patrol, and crop monitoring. Especially in intelligence, surveillance, and reconnaissance (ISR) missions, rotorcraft UAVs are preferred as it can fly at low altitudes and hover in the target area to collect precise information. Besides, the advantages of portability, effectivity and low cost facilitate the application of UAVs. However, with limited capacity of battery power, small UAVs cannot execute tasks for a long time/distance, which greatly restricts their utilization. To cope with the difficulty, we can have a ground
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vehicle (GV) as a mobile platform. Not only can the GV carry the UAV near reconnaissance targets, but the UAV can also be reused through charging or changing the battery on the GV.
Actually, this mode of cooperative GV and UAV has been gradually popularized in recent years. In 2017, UPS successfully employed a GV and its mounted UAV on parcel delivery in Florida [1] . The similar tests have also been carried out in China. In 2016, JD.com applied UAVs to deliver online purchases in Jiangsu province, kicking off the trail operation of ''last mile'' distribution. As for the reconnaissance applications, DJI-Innovations and Ford proposed a novel wildsearch mode in 2016 International Consumer Electronics Show (CES), in which the F-150 and its carried UAV cooperatively conducted the search for multiple targets in the wilderness [2] . Another extensive study on two-echelon routing problem with cooperative GV and UAV is applied in logistics transportation. As Figure 2 displays the feasible solution, the most typical characteristic is that the UAV can only deliver one parcel in a single flight. Murray and Chu [4] analyzed a variant of Travelling Salesman Problem (TSP) with single GV and single UAV, called the flying sidekick TSP (FSTSP). In this problem, two vehicles start and end at the same depot, the GV travels on the road network while the UAV can fly directly to the customer node and conduct the deliver by itself. Besides, Agatz et al. [5] and Ha et al. [6] , [7] also present a similar formulation, the TSP with a drone (TSP-D). In these researches, the ground vehicles are settled to move to a rendezvous node for recycling and recharging the UAV. All these studies restricted the UAV to serve only one customer in one flight.
In this paper, we focus on the applications in ISR missions, where the former problems, 2E-VRP and FSTSP/ TSP-D, are not suitable. On the one hand, the current technology enables UAVs to access multiple targets in one flight. On the other hand, the strategy that the GV keeps still to wait for the UAV would greatly reduce the mission efficiency while raise the risk of being detected by the enemy. Additionally, due to the particularity of ISR missions, the return depot may not necessarily be the departure depot.
Therefore, a novel problem, Two-Echelon Ground vehicle and its mounted UAV Cooperative Routing Problem (2E-GUCRP), is promoted. In our problem, a system of heterogeneous vehicles is involved, where a UAV with fast speed and limited endurance is deployed on a slower GV with much longer travelling range. Besides, a set of UAV targets is predetermined in the mission area, which locate outside the road network and cannot be accessed by the GV. But some optional stopping nodes (parking lots) are available in the road, where the GV can launch and/or recycle the UAV. As illustrated in Figure 3 , the GV departures from a depot with its mounted UAV, select a stopping node to launch the UAV, and then travels to the next rendezvous node. Synchronously, the UAV automatically flies to the targets, collect the target information and then returns to the GV before the battery powers off. There are three main advantages of this reconnaissance pattern: (i) the shortage of UAV's endurance can be made up as the GV can carry UAV and enlarge its effective patrol range; (ii) although the GV is limited by the partial road networks, the involvement of the UAV enables the cooperative system to explore some areas unreachable by the GV; (iii) with no drivers (or pilots) on board, UAV is able to perform some more dangerous, dirty and dull missions. Nevertheless, with two-echelon routes involved and their strong synchronization, it also brings many challenges on the route planning. To minimize the time of the UAV route, there are three critical decisions to be made: planning the GV's route, determining where to stop the GV and launch and/or recycle the UAV, and planning the UAV's route for visiting targets during each flight. Unlike 2E-VRP, the synchronization between the GV and the UAV must be considered both spatially and temporally. Different from FSTSP/TSP-D, multiple targets in one UAV flight also increase the complexity of the problem.
Motivated both by the adaption of new technologies in ISR missions and the theoretical gap existing in the current literature, a new two-echelon routing problem for the cooperative GV and UAV is studied, in which the GV can move to recycle the UAV when the UAV is visiting multiple targets in one flight. To formulate the problem, a mixed integer programming (MIP) model is established after discussing different cooperation modalities and synchronization constraints. A small instance is solved to verify the correctness of the model. To construct feasible solutions in short time, two heuristics are designed based on the problem deconstruction. Both a series of randomly generated instances and a practical instance are solved to compare the proposed heuristics.
The remainder of this paper is organized as follows. In the 2nd section, previous studies on relative problems are classified and compared. In the 3rd section, we analyze this novel problem and build a mixed integer programming (MIP) model. To quickly construct feasible solutions, two heuristics are proposed in the 4th section. The effectiveness of the heuristics is verified with random instances and a practical instance of Changsha in the 5th section. The differences between our new model and the 2E-VRP are also compared in experiments. Finally, we summarized the conclusion and the innovation of this paper.
II. LITERATURE REVIEW
In this section, to classify the classic routing problem, three meta-problems are firstly defined according to different situations of the starting and ending node in one route:
i. Circulation routing problem: as shown in Figure 4 (a), the vehicle is required to start from and return to a fixed depot, which constructs a circulation route. ii. Radiation routing problem: this problem only fixes the start point for the vehicle while not limits the destination. Since the vehicle need not to return to the depot and can end the route as long as visiting all targets, this problem presents a radiation route in Figure 4 (b). iii. Segment routing problem: as displayed in Figure 4 (c), this problem requires the vehicle to start from a designated depot and return to another one after all the targets have been visited. Among three meta-problems, circulation routing problems are most widely studied, including Travelling Salesman Problem (TSP) and Vehicle Routing Problem (VRP). As a variation of circulation problems, the radiation routing problems are also named as Open Problem, which are quite practical in transaction field, like Open Travelling Salesman Problem (OTSP) and Open Vehicle Routing Problem (OVRP). The segment routing problem can be seen as a combination of the above two problems. If the start node and end node is determined, we could add a virtual node with the start node out-degree and end node in-degree, and transform the segment routing problem into a circulation problem. However, the problem would become much more difficult when the start node and the end node are uncertain and need to be chosen among the candidates. Therefore, we separate the segment routing problem as another class of routing problems.
From this point of view, the existing literatures about two-echelon routing problem can be considered as different combinations of these meta-problems.
In classic 2E-VRP, both two-echelon routes require the same departure node and return node. Since more than one vehicle can be employed, thus this problem can be redefined as the single/multiple-circulation-single/multiplecirculation problem. For example, Manyam et al. [3] utilized a single GV and a single UAV to conduct ISR missions. As mentioned above, both GV route in the first level and drone route in the second level are classic TSPs, thus their problems can be considered as a single-circulation-singlecirculation problem. Peng et al. [8] , [9] also limits the vehicle to stay still and wait for multiple drones to make deliveries, which involves a single-circulation-multiple-circulation problem. Kim and Moon [10] add a drone station to facilitate the drone-assisted delivery. With multiple drones leaving and returning the station, this problem also presents singlecirculation-multiple-circulation problem. Zeng et al. [11] extended the typical 2E-VRP and allowed vehicles in both echelons not return to the starting node after completing missions, thus their problem can be classified as a multipleradiation-multiple-radiation problem.
In FSTSP [4] and TSP-D [5] - [7] , the GV and the UAV cooperated to complete the whole task and serve all the customers/targets. There are also some other similar problems [12] , [13] . In these literatures, the GV must start from and return to the determined depot while the take-off node and the land node in each UAV route are definitely different. Thus, both this kind of problems can be considered as the single-circulation-single-segment problem. There are also two variants of TSP-D. One is called Vehicle Routing Problem with Drone (VRP-D) problem, which is proposed by Dorling et al. [14] and Wang et al. [15] . Considering the endurance constraints of GV, the first level in this problem is a typical VRP and involves multiple GV routes, which classifies VRP-D as a multi-circulation-single-segment problem. Afterwards, Poikonen et al. [16] extended the research and theoretically analyzed the maximum benefit under ideal circumstances. The second variant is Alternating Last-Stretch Delivery Problem (ALSDP) [17] , in which the GV route is fixed and the main decision is to choose a set of rendezvous nodes for launching and recycling.
In addition, Mathew et al. [18] applied a GV and a team of UAVs on autonomous deliveries in urban environments and proposed Multiple Warehouse Delivery Problem (MWDP). Unlike VRP-D and FSTSP, MWDP allows the GV to stay still and repeatedly launch and recycle UAVs. Their problems can be classified as a single-circulation-multi-segment problem.
The literatures mentioned above mainly involve planning routes for predetermined locations. However, there are also a few articles scheduling other operations, such as area coverage. Savuran and Karakaya [19] , [20] solved a largest coverage problem for a GV-mounted UAV (Mobile Depot VRP, MoDVRP). In their case, the GV keeps moving along a straight line, and a large quantity of UAV targets locate on both sides of the vehicle's path. The problem aims to visit as many targets as possible through planning the UAV route under the endurance limitation as well as selecting the rendezvous nodes. With no end depot for GV and not all UAV targets served, this problem can be classified as a partialradiation-partial-segment problem.
Our previous research [21] constructed a partial-circulationsingle-segment problem for ISR mission, where partial stopping nodes are selected for GV while all UAV targets are traversed. However, it was assumed that there usually exist sufficient rendezvous nodes in the road network, which means the GV can always find a rendezvous node to recycle the UAV wherever the UAV takes off. As the research goes further, we found this hypothesis unrealistic and relaxed it. Thus, in this paper, with limited parking nodes, the start node and end node are not the same one in the first GV level, so does the second level of UAV routes. Since only part of optional stopping nodes is visited by the GV, our problem, 2E-GUCRP, is a partial-segment-single-segment problem.
Through the literature review above, the model differences among previous studies and our study can be learned, which is also illustrated in TABLE 1. Different from former literatures, we consider the practical issues in ISR missions and study the two-echelon routing problem with cooperative GV and UAV. We release the limitation that the departure node and the return node must be the same one, and also solve the problem without enough parking nodes for GV. The detailed discussion is presented in the next section, as well as the proposed model.
III. MATHEMATICAL MODEL
In this section, we concentrate on the application background and propose some reasonable hypotheses. A mixed integer programming model is established and then verified through the commercial software, CPLEX.
A. DISCUSSION OF HYPOTHESES
In order to facilitate the modeling and analysis, we abstract the task area into a target without considering the specific flight process during task execution. Both GV and UAV are assumed to travel at a constant speed, which means the UAV endurance can be represented by the maximum flight time. Nowadays, existing technology and hardware can fully support the UAV to perform task autonomously with given input, such as Google's Project Wing and Amazon's Prime Air [22] . Furthermore, with the improvement of battery capacity, UAV has the capability to visit multiple targets in one single flight. In order to shorten the execution time, it would become more effective to prepare two or more batteries for alternate use. The UAV can immediately return to the reconnaissance mission after replacing the battery, and the replacement time is negligible. Besides, it is easy for small UAVs to take off and land without additional launch or recycle equipment, which would only consume a few seconds. Thus, comparing with the maximum flight time more than 20 minutes, the time of taking off, landing, as well as replacing the battery can be ignored in our problem.
Since the GV is not a disposable consumable in the vast majority of situations, it is usually required to return back to the departure depot after completing the missions. Nevertheless, from the practical point of view, it is still necessary to study the routing problems with different start node and end node: (i) In the civil field, with sufficient depots managed uniformly, it would vastly improve the work efficiency when vehicles are allowed to return to another base. (ii) In the military field, the mode that the vehicle returns to a fixed depot will increase the risk of exposing the forces, deployment and command centers. Besides, in actual combat operations, the areas of supply and maintenance tend to differ from the initial assembly areas. Therefore, in our problem, the GV starts from a specified starting depot, chooses partial stopping nodes to launch and/or recycle the UAV, and travels to another designated depot after the mission ends.
As for the selection of rendezvous nodes, it is generally preferred that the GV choose to wait at a closer rendezvous node to recycle the UAV, which can reduce the UAV's flight time as well as the whole mission time and improve the mission efficiency. However, as shown in Figure 5 , if there are not enough optional stopping nodes, the battery capacity cannot support the to fly to a far stopping node after visiting targets. Thus, in order to ensure the existence of a feasible solution, the GV is allowed to stay in place and wait for the UAV, named Holding Strategy. This scenario is also acceptable in practice. For example, in some city central areas, the taking-off of the UAV is restricted by air traffic control, and only several launch nodes are available.
There is also another scenario when there exist spatial clusters among the targets. As shown in Figure 6 , some targets are close to each other while far away from other targets. It is quite common in practical applications. For instance, in urban districts, targets in the same residential area are close to each other while far from those in other residential areas. Thus, it is necessary to cover this scenario in modeling process. We assume that the UAV does not need to take off immediately after landing on the GV, and the GV can travel an Empty Edge to carry the UAV to the next launch node.
B. DISCUSSION OF SYNCHRONIZATION
Synchronization in routing problem is first proposed by Michael Drexl [23] . In our problem, with different speeds and travel distances between two vehicles, one vehicle may need to wait for the other one for cooperative work, and synchronization is always required since the GV would travel to another rendezvous node when the UAV execute the mission. Specifically, there are two aspects of the synchronic constraints in the ISR missions, which are discussed below.
The first is generalized synchronization, which is also the main difference between our problem and 2E-VRP. In traditional 2E-VRP, larger transport vehicles are adopted in the first echelon and transports the goods at a lower frequency (once a week, even a month), while the second echelon routing is usually completed by smaller vehicles with a higher frequency (multiple times a day or a week). Since 2E-VRP does not require the co-time between two stages, changing the second-echelon route has few impacts on the first phase. However, in 2E-GUCRP, the generalized synchronization between two echelons requires that the tasks of GV and UAV are performed simultaneously.
The other constraint is about spatial -temporal synchronization. Since the GV is supposed to recycle the UAV before its powering off, and rendezvous nodes are located in both GV route and UAV route, thus the synchronization in both time and space between two vehicles must be ensured. To simplify the calculation of total time in a segment, we add a restriction that the GV must arrive to the rendezvous node before the UAV, which means only flight time of the UAV and the driving time when the GV carries the UAV should be calculated without considering the GV waiting time at rendezvous nodes.
C. MIXED INTEGER PROGRAMMING MODEL
The mathematical formulation is defined on a graph G = (V , E).V is the set of all nodes, where {0} indicates that the vehicle's starting assembly area or base, { * } indicates the destination of the vehicle to assemble a region or a base, and V is composed of the following independent set of sets: V = {0}∪{ * }∪V s ∪ V t . The V s = {1, 2, . . . , m} represents the set of all optional stopping nodes and the V t = {m + 1, m + 2, . . . , m + n} represents the set of all target nodes. For each target j ∈ V t , there is a corresponding service time C i for the UAV to complete the specified task. Since we assume that UAV is moving at a constant speed, the residual power of UAV can be converted directly to the remaining time. We introduce the following variables, in which Q i , t i and s i are all measured as time while T i is a continuous number variable without units:
Q i = the consumed flight time in nodei (4) T i = the access order of rendezvous nodei (5) t i = the departure time of rendezvous nodei (6) s i = the standing time of rendezvous nodei (
The 2E-GUCRP can be formulated as the following mixed integer programming model:
i∈V s
Constraint (9) ensures that each optional stopping node can be accessed at most once, and for each node except the start node and end node, its indegree and outdegree must be the same. The indegree of end node must be 1 which is equal to the outdegree of starting node. The outdegree of end node is also the same as the indegree of starting node, both equal to 0. Constraint (12) is a typical Miller-Tucker-Zemlin subtour VOLUME 7, 2019 elimination constraints, which prohibits subloop in GV's route through marking the accessing order of the rendezvous nodes. Constraint (13) guarantees that all target nodes must be served once only.
In the Constraint (14) (15) (16) (17) (18) , M is applied to effectively transform the conditional constraints into linear constraints. Constraint (14) describes the taking off progress of UAV. When the UAV takes off from node i and heads to the target node j, S ji should be equal to 1 and the consumed capacity of battery in node j should be equal to the sum of the duration of the flight and the duration of the service time in node j. Constraint (15) describes the flying progress between targets. When the UAV flies from target i to target j, the node i and node j should be in the same segment. Thus, if S ik equals to 1 and y ij equals to 1, then S ik = S jk . Under this circumstance, the consumed capacity of battery in node j should be equal to the sum of the duration of the flight, the consumed capacity of battery in node i and the duration of the service time in node j. Constraint (16) describes the landing progress. When the UAV lands at a rendezvous node j, the y ij equals to 1. At this circumstance, the left-hand side of the inequality is zero. In order to meet the constraint, the following is true that Q i + d ij /υ 1 ≤ θ, which means that the entire flight process in each UAV route will not exceed the endurance limit. Constraint (14) ∼ (16) ensures the continuity of UAV's flight in each segment, and assigns a value to Q through those constraints, thus it ensures that each flight can meet the endurance capability.
The constraint (17) ensures that if the UAV lands at a certain rendezvous node, then this rendezvous node must be on the GV's route, which connects the decision variable x ij to y ij . The constraint (18) limits that the GV must arrive at the designated landing rendezvous node before the UAV. Constraints (19) ensures that UAV does not fly on the road network. The constraint (20) guarantees that if the vehicle has access to an optional stopping node, this node must be a rendezvous node at which the UAV takes off or lands.
The constraint (21) is the calculation of the waiting time with considering the situation of the Holding Strategy. On the basis of constraint (21), constraint (22) calculates the specific time of the GV leaving each rendezvous node. Constraint (23) is a complement to the previous constraint, ensuring the consistency of the time to leave the rendezvous node and the order of the rendezvous node.
Constraint (24) makes sure that the values of t for all unvisited stopping nodes are equal to 0. Constraints (25) ensures that each UAV's target node is assigned to a certain segment. Constraints (26) limits the consumed capacity of battery. Constraint (27) initializes the value of T in the starting node. Constraints (28) ensures a special scenario where the UAV needs to start from the starting node and land at the starting node.
The goal of optimization is to minimize t * . As we mentioned above, { * } indicates the destination. Thus, the t * indicates the total time of task completion. To minimize the t * is equal to minimize the time of whole missions. The model is very complicated, and the actual number of constraints will present in a power series growth with the increase of problem scales. We assume that the number of targets is n, the number of optional stopping nodes is N (including start and end), then the number of constraints contained in each equation is displayed in TABLE 3. For example, constraint (9) limits all the j in V s , thus contains N-2 constraints. But constraint (10) only contains two constraints, which is actually a combination of i∈V s x i * = i∈V s x 0i and i∈V s x 0i = 1. As a result, the problem contains 3×N 2 × n+3×N 2 + N × n 2 −4×N × n − n 2 +5×n + 5 constraints.
D. SOLVING THE SMALL INSTANCE BY CPLEX
In order to verify the correctness of this model, a small-scale instance including four targets and four optional stopping nodes is generated. All the nodes are randomly located in a 100 × 100 field, their coordinates are presented in TABLE 4 and positions are plotted in Figure 7 . Optional stopping nodes is marked with red dots while the UAV targets are small circles. The start node is emphasized with big green circle and the end node is with big blue circle. As for the service time for each target, it is randomly generated between 5 to 10 seconds.
We also assume that maximum flying range of the UAV's endurance is 100 units, the UAV speed is 2 units per second and the GV speed is 1 unit per second.
CPLEX is applied to solve the generated instance, which provide a solution with the objective value of 112.56 in 1.6 seconds. The solution is also presented in Figure 8 , UAV routes are represented as red dashed lines while GV routes are marked with green lines. From the result, the model is verified and a good feasible solution can also be found.
However, according to our analysis on the scale of constraints, we cannot solve larger problems by CPLEX software. In order to verify this hypothesis, more instances with different numbers of nodes are calculated. The calculation time for each instance is presented in Figure 8 and the results are also shown in TABLE 5.
In Figure 8 , the content in bracket represents the size of the instances, in which the former number is the number of targets and the latter represents the number of optional stopping nodes. The blue line indicates the trend of calculation time with the increase of targets, while the red line indicates the trend of calculation time with the increase of optional stops nodes. With the expansion of instance scale, the growth of computing time is very significant. We can learn from both the Figure 8 and TABLE 5 that increasing the number of targets will significantly slow down the solving progress. In fact, with 4 targets and 4 optional stopping nodes, the solving time is more than 1 hour. Thus, it is impossible to use CPLEX software to solve a problem more than 10 targets in a short time.
From the above experiments, we can conclude that, it is necessary to design heuristics to quickly construct a feasible solution for this problem, which is introduced in the next section.
IV. HEURISTICS
This section presents two heuristics which could be applied to solve both 2E-VRP and our 2E-GUCRP. The first Split Heuristic is based on the idea of ''Drone First Truck Second (DFTS)'', while the second Clustered Assignment (CA) Heuristic constructs feasible segments through clustering and then connects the segments as a feasible solution.
A. SPLIT HEURISTIC
The split heuristic was first proposed by Prins [24] to solve vehicle routing problems and then applied on 2E-VRP [25] .
To solve 2E-GUCRP, we focus on the characteristics of ISR missions and designed Split Heuristic. A big UAV tour is first constructed without considering the constraint of the endurance, then the UAV route is split into feasible segments to construct vehicle route. During the split process, multiple targets can be visited in one UAV route. The illustration is displayed in Figure 9 , and the main flow of heuristic is as follows (Heuristic 1).
Initially, a Travelling Salesman Problem (TSP) for all targets is solved to construct a complete tour without the limitation of UAV endurance, in which the UAV departures from the starting node, visits all targets, and returns to the end node (Line 1). After that, the complete tour would be split into multiple feasible subtours. During each split process, the subtour would include as many targets as possible under the constrain of endurance (Line 3). However, whenever a target is added that makes the subtour to exceed the flight range of the UAV (Line 4), this target would not be contained in this subtour (Line 5) but set as the first target in the next subtour (Line 7). Specifically, when calculating the length of subtour, two rendezvous nodes would be pre-selected by a greedy principle that we always find the nearest optional stopping nodes for the first and last targets in each subtour. 
END WHILE
After the split process, we can get a number of feasible UAV subtours, and each subtour can form a viable segment with its corresponding GV route. However, these segments might be not connected and cannot directly constitute a feasible solution, as the last rendezvous node in the former one may not be the first rendezvous node in the later one. Furthermore, for each segment, either of the two rendezvous nodes can be selected as the starting node, thus each segment cannot be regarded as a virtual node, which means we cannot convert this connecting problem to TSP. Therefore, a QueueBased Construct (QBC) Algorithm is presented to connect the separated segments and generate a feasible solution.
Queue-based Construct Algorithm Queue -< startpoint, endpoint > WHILE NotlsEmpty(Tour) Queue ← FindMinInQueue(Tour) END WHILE QBC Algorithm is designed by a greedy thought. We firstly add the starting node and end node into the queue (Line 1). Then each time the segment with minimum added distance would be added into the queue (Line 3). Specifically, both rendezvous nodes would be selected as the launching node to calculate the corresponding added distance, and the minimum one is saved. Besides, if the queue and the added segment are not directly connected through a same rendezvous node, we add an empty edge segment to keep the connection.
B. CLUSTERED ASSIGNMENT (CA) HEURISTIC
With the increase of problem scale, it would consume much time to solve the TSP for all targets. Thus, to improve the solution efficiency, we design the second heuristic, CA heuristic, which has been applied to solve the 2E-VRP. [26] .
In this heuristic, clusters are first generated, and then in each cluster, a feasible segment is constructed. The illustration is displayed in Figure 10 , and the main flow of heuristic is as follows (Heuristic 2).
Firstly, a minimum cluster number is defined (Line 1). In case that the value is not set small enough and the optimal solution might be missed, we set the initial number as 1, and then cluster the targets into the specified number of clusters (Line 3). In each cluster, a minimum route is built to cover all targets through solving a variation of Hamilton Path Problem (Line 4), which is also known as the Open Travelling Salesman Problem (OTSP). Then each Hamilton path is checked whether it can construct a feasible segment (Line 5). If there are any clusters that cannot generate a feasible segment, we add up the cluster number (Line 8) and re-cluster the targets until all clusters are in line with the constraints. INPUT: n is the number of targets flag ← minClusterNumber
Similar to the Split heuristic, the feasible segments constructed by CA heuristic may not be interconnected with each other. Thus, the QBC algorithm is also applied to add empty edge segments and construct a feasible solution.
V. COMPUTATIONAL EXPERIMENT
In this section, we present two randomly generated instances and a practical instance of Changsha city. For each instance, two different models, 2E-VRP and 2E-GUCRP are respectively studied and solved by the heuristics mentioned above. The computational experiment indicates that the 2E-GUCRP obtains a better efficiency than 2E-VRP.
A. EXPERIMENT ON RANDOM INSTANCES 1) EXPERIMENT DESIGN
Both two heuristics were implemented in MATLAB R2015a 8.5.0. All of the experiments were carried out in a DELL desktop with a four core i7 3.7GHz processor, 16GB of ram, and Windows 10 operating system.
As far as we know, there are no public test instance for 2E-GUCRP. Thus, two different methods are applied to generate the test instances. In the first method, the positions of all rendezvous nodes and targets are randomly generated in a square area with length of 100 units. For the sake of practicality, the UAV flying distance is the Euler distance, while the GV travels Manhattan distances among the rendezvous nodes. As for the second method, UAV targets are also generated randomly in a square space with sides of 100 units. However, when generating optional stopping nodes, a road network is first constructed through randomly generating N nodes as road crossings and selecting at least 2N edges as roads. Then the stopping nodes are built randomly on the existing roads. Different from the first method, the GV travelling distance in second method is calculated based on the road network. Since not all two-node pairs in the second method are directly connected, the shortest travelling distances for GV need to be computed based on the adjacency matrix.
Six scales of instances are presented in TABLE 6. In each scale, 100 instances are generated with two different method, the first method is noted as Dataset 1 while the second one is Dataset 2. Both two datasets are solved by the proposed heuristics separately.
There are also some parameters about the UAV and the GV. The UAV has 100 units of maximal working time with the fixed speed of 2-unit distance per unit time, while the GV travels with a fixed speed of 1-unit distance per unit time. Besides, the UAV service time for each target is uniformly distributed between 5-and 10-time units.
2) EXPERIMENT OF DATASET 1
All the instances in Dataset 1 is formulated by the first method. Different combinations of two models and two heuristics are tested on six scales of instances and the results are displayed in TABLE 7.
The computational results obtained by two proposed heuristics for two models are presented in TABLE 7 . Column 'Avg. Value' indicates the average objective value of all solutions for 100 instances in each scale. Column 'Best Times' reports the comparation among four combinations of heuristics and models. It indicates how many times one combination can yield better results than the other three. In some special instances, it is possible for two combinations to obtain the same solution, so the sum of this column values may be greater than 100. Column 'Avg. CPU time' gives the average calculational time for solving one instance.
As is shown in TABLE 7, the results of 2E-GUCRP model are better than those of 2E-VRP in both average objective value and the number of best times. For example, in Scale 1, the average objective value for 2E-GUCRP by Split is 415.09, 33.09% less than the result for 2E-VRP by the same heuristic. However, there is one special instance in Scale 1, in which both two models obtain the same solution. As for heuristics, Split can give better solutions for 2E-GUCRP, while in the solutions of 2E-GUCRP by CA the phenomenon of Holding Strategy occurs more frequently, and this is also the reason why CA is more suitable for solving 2E-VRP. On the calculation time, both two heuristics can solve any scale of the randomly-generated instances in less than 0.1 s, but the CPU time of the Split is slightly shorter than that of CA algorithm.
To further compare the performance differences between the two models, we calculated the GAP value in each case. The calculation formula is as follows:
(29) VOLUME 7, 2019 FIGURE 11. Dataset 1 GAP boxplots. The GAP value indicates the percentage of saved time by 2E-GUCRP compared to 2E-VRP for each instance. The average GAP value of Dataset 1 is presented in TABLE 8, and the level of dispersion is displayed by a boxplot graph in Figure 11 .
In general, for instances in Dataset 1, the 2E-GUCRP can save more than 20 percent of the time than 2E-VRP. In the best instance, the gap between the two models is more than 60%. But overall, only a fraction of the results are more than 40 percent. Besides, as the instance scale changes, the range of GAP is narrowing, which can be inferred that 2E-GUCRP performs better on large scales.
The results of Dataset 1 indicate that the 2E-GUCRP is a more efficient model. But with the generation process of Dataset 1 completely random, different instances presents the different characteristics, and the proposed heuristics also performs with its own merits. In order to obtain more reliable conclusions, we conducted further experiments on the second dataset.
3) EXPERIMENT OF DATASET 2
All the instances in Dataset 2 is formulated by the second method in which the rendezvous nodes and targets are more dispersed. Similar to the experiment of Dataset 1, we calculate the average solving time and compare their solution, and the results are shown in TABLE 9.
On the comparison of two models, the same conclusion can be drawn that the 2E-GUCRP model is more efficient. Except one special instance in Scale 3, other instances all indicate that 2E-GUCRP can provide the better solution than 2E-VRP.
However, on the performance for two heuristics, the results of the Dataset 2 are significantly different with that of Dataset 1. There is no significant difference between Split heuristic and CA in their performance on Dataset 2. The main reason for this phenomenon is that the distribution of optional stopping nodes in the second data set is more dispersed due to the existence of road network. With enough stopping nodes, the frequency of Holding Strategy is reduced in the solutions by CA.
The GAP value is also calculated for Dataset 2 and presented in TABLE 10 as well as Figure 12 . It is shown that the GUCRP saved an average of more than 15 percent of the time than 2E-VRP. The gap between the two models is even more than 50% in the best instance. As the scale increases, the trend of gap narrowing is more obvious.
Combining experiments of two datasets, it is verified that the proposed model 2E-GUCRP is more effective in solving the routing problem of UAV-mounted ISR missions. The heuristics we proposed vary in their performance. In practical application, it is suggested that two heuristics be solved respectively, and then the better solution should be taken as the solution of the problem.
B. PRACTICAL INSTANCES IN CHANGSHA CITY 1) DESIGN OF THE PRACTICAL INSTANCE
A case is built based on the practical road network and customer nodes in Changsha, China to further verify the validity of the proposed model and heuristics.
The main roads of the city are selected and the coordinates of road crossings are obtained from the GPS system. As shown in Figure 13 (a), each road is represented as a line segment to simplify the problem. Then in Figure 13 (b), three districts are included in this map: Yuelu district (with blue background), Kaifu district (with the green background) and Furong district (with yellow background). Not only would the whole Changsha city be applied as a large-scale application case, but three districts are also considered in the following experiment.
After building the road network, we assume that only one optional stopping node is generated in each road segment and the shortest distance between any two optional stopping nodes is calculated by Floyd algorithm based on the road network in Figure 13 . Then, the locations of targets are selected based on some key landmarks in Changsha, where the UAV needs to hover for a period of time (assuming 2-5 minutes) for reconnaissance. The number of generated targets and stopping nodes are presented in TABLE 11. It should be noted that the area covered in the cases of different districts would be slightly beyond the actual geographical scope to maintain the integrity of the road network in the cases. Therefore, the sum of the numbers of each district is greater than the total number.
As for the parameters of the UAV, we selected two different types of battery-supported DJI UAVs. The actual maximum speed and flight time is shown in TABLE 12. Since we assume that the UAV travels at a uniform speed, some adjustments are applied to generate the tentative data. And in the absence of congestion, the average speed of the ground vehicles is set as 50km/h on the main road in the Changsha.
2) EXPERIMENT OF THE PRACTICAL INSTANCE
In the experiments in each region, we run both two algorithms 10 times separately and select the best results to report. The results are shown in TABLE 13 .
Consistent with randomized experiments, the results of 2E-GUCRP model are better than those of 2E-VRP model. It costs only 253.76 minutes using the PHANTOM to visit the 40 targets in the city of Changsha. The gap, however, has narrowed. Compared with the gap of 18.88% in a similar scale of instances in Dataset 2, the gap between the two models in the instance of Changsha City are 15.07% (PHANTOM) and 13.69% (MAVIC). In order to further explore the reason of the gap narrowing, we draw the solution of the instance in Yuelu district, for which two reasons are considered: (i) The number of the nodes and the size of the area are relatively suitable. There are too many nodes in the whole Changsha city, and the solution is too complex to be read;(ii) The solution gap between different types of UAV are small, which is worth further discussion. Figure 14 shows the solutions by using the PHANTOM, while Figure 15 displays the solutions by the MAVIC. It can be seen that the heuristics we proposed are capable to find an acceptable solution.
From the perspective of different UAVs, the larger UAV reduces the number of takeoff and landing due to its advantage of endurance. Thus, the overall completion time of the mission is effectively reduced (see the southeast corner and the middle position on the west in Figure 14 and Figure 15 ). The advantages of endurance would not be obvious in the instance with relatively sparse targets. But from TABLE 13, we can see that when the density of targets increases, the UAV can access more targets each fight, and the advantage is more obvious.
From the perspective of model differences, the flying distance of UAV in 2E-GUCRP is increased. However, due to the cooperation of GV, the time of Holding has been reduced. Therefore, the overall operation efficiency is better than 2E-VRP. Nevertheless, we can still find out the Holding situation that the GV stays in place waiting for the UAV in the 2E-GUCRP solution (see the northernmost target in Figure 14 and Figure 15 ).
A mathematical model is established to analyze the reasons theoretically. For a flight, we assume that the optimal route of visiting the targets has been obtained, represented as Perm a = {N 1 , n 1 , n 2 , . . . , n x , N 2 }. The total time to complete this route is:
And if we assume that the GV stays at N 1 , waiting for the drone to come down, and then travels to the next location N 2 , then the time consumed in this process will be calculated as:
The difference time between two situations is:
When the vehicle arrives later, the value of Difference is always positive, which means that the Holding situation takes more time. However, when the vehicle arrives earlier, the value of Difference is:
When υ 1 is less than or equal to υ 2 , the value of Difference is always positive according to the principle that the sum of the sides of a triangle is greater than the third side. When υ 1 is greater than υ 2 , this inequality is not true. Therefore, Holding situation is not only shown when there are no enough stopping nodes, but also may be shown in the situation where the ground is unobstructed and the driving speed of the vehicle is higher than that of the UAV.
Back to the instance of Yuelu district, if we assume there is traffic congestion and the average driving speed of the GV is reduced to 40km/h, then we can get the solution in Figure 16 . At this time, we can find that there is no longer Holding Strategy in northern region, which verifies our analysis above.
In general, when implementing the cooperative ISR missions of GV and UAV, 2E-GUCRP can consume less time for the UAV flying from or to the GV and make better use of UAV endurance than 2E-VRP. However, the Holding situations in 2E-VRP are more suitable under two situations: one is that there are not enough stopping nodes on the road network; the other situation is that Holding situation may lead to better solutions when GV travels faster than UAV.
When it comes to choosing a UAV type, the larger one can always complete the missions in a shorter time with the advantage of endurance. However, the efficiency of larger UAV is limited by the size of the mission and the sparse situation of the target. For small-size mission or scattered targets, the smaller UAV may accomplish missions in a more cost-effective way. The analysis of cost is another interesting topic, which may deserve further discussion in the future research.
VI. CONCLUSION
In this paper, a novel 2E-GUCRP is promoted, in which the UAV can carry out ISR missions completely autonomously, while the GV as a mobile depot can move synchronously. When modeling the problem, different situations and hypotheses are discussed. A MIP model of 2E-GUCRP is built and verified by the CPLEX software in small-scale instances. With the power level growth of the constrains, it is inefficient to solve the problem through the CPLEX, thus we design Split and CA heuristics to solve this problem.
However, feasible solutions given by two heuristics can still be improved. Further research on the solution methodology may focus on neighborhood search algorithms. With the different aspects in constrains, the removal and repair operators will be modified corresponding the specified constrains.
And more discussions about the practical application will emerge in future researches.
